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L. Wu, V. F. Solovyov, H. J. Wiesmann, Y. Zhu, and M. Suenaga®
Materials and Chemical Science Division, Energy Sciences and Technology Department,
Brookhaven National Laboratory, Upton, New York, 11973

(Received 17 September 2001; accepted for publication 13 Novembe)y 2001

The mechanisms have been identified for the hetero-epitaxial nucleation gCRa_4 ; (YBCO)

at the buried interface between a precursor film and SyTaDthe so-called Baj-process which is

a postdeposition reaction process for the synthesis of epitaxial YBCO films. It is shown that the
preferential nucleation of YBCO at the interface is dug1bthe strong chemical affinity of the

(Y, Ba)-oxy-fluoride, an intermediate phase, to Srjiand(2) the epitaxial alignment of it§111)
planes with thg001) surface of the SrTiQwhich reduces the activation barrier for the formation

of YBCO. In thin films(<2-3 um) the YBCO nuclei, whose axes are perpendicular to the Sr{iO
surface, form directly from this aligned oxy-fluoride. In thick film{§ wm), however, this
oxy-fluoride decomposes into a disordered transitory cubic phase which then orders to form YBCO
nuclei with three orientational variants, one with dtaxis perpendicular and two with theiraxes
parallel to the(001) plane of SITiIQ. © 2002 American Institute of Physics.

[DOI: 10.1063/1.1436285

The successful growth of the biaxially aligned thick Understanding of this nucleation process is particularly im-
films of YBaCu;O; (YBCO), a high-critical-temperature portant for the fabrication of technologically viable thick
superconductor, on a flexible metallic substrate is essential tgdBCO film conductors. This is because the growth of the
its use for electric power devices as well as high-field magnon< axis YBCO becomes prevalent as the thickness of the
nets operated at elevated temperatures. The so-calleg Baflms increase beyond 2—-am, and is very detrimental to
process, a postdeposition reaction process, is considered keeping high values of superconducting critical current den-
be one of the most promising methods for the fabrication okity J.. The required thickness for most applications is con-
such tapes. In this process, precursor films are deposited ongidered to be~5 um or greater. Here, we will present the
an oxide substrate or a metallic tape with an oxide bufferresults of our recent study toward the clarification of the
layer, and heated to form YBCO in an atmosphere of a flowmechanisms of the YBCO nucleation in the Basrocess
ing process gas, N O,, and HO. The precursor deposition using precursor films which were deposited by e-beam
methods can be an electron-beai@beam evaporation evaporation. Transmission electron microscdp¥M) and
method: 2 or by a sol—gel process using tri-fluoroacetdtes. x-ray diffraction (XRD) techniques were employed for the
The precursor film consists of fife-10 nm) grains of Y, Cu, study.
and Bak when it is deposited by e-beam evaporation. Upon  As described previously, the stoichiometric precursor
heating, it quickly turns to a mixture of GO and a(Y,Ba)  films were co-deposited by e-beam evaporation of Y, Cu, and
oxy-fluoride, and then from this mixture theaxis-oriented BaF,.® Substrates were 3 ml0 mmx 0.5 mm polished
YBCO is grown on a substrate as the oxy-fluoride decom{po1] SrTiO; (STO). YBCO synthesis was performed in a
poses, reacting with 3O in the process gas. The mechanismso-mm-diameter quartz tube in a tube furnace. The flowing
for the growth of YBCO layers is shown to be the homo- process gas consisted of a mixture of 100 mTorr efa@d
epitaxial precipitation of YBCO onto the existingaxis- 25 Torr of H,0 in N, at atmospheric pressure. The gas-flow
oriented YBCO layer from a thin liquid layer containing Y, rate and the temperature were kept at 0.2 I/min and 735 °C,
Ba, Cu, and G.The Y—Ba oxy-fluoride, whose approximate respectively. In order to study the nucleation process for
composition is (¥.8Bao.7) (Oo.1d70.89 2, decomposes at its in- yBCO, several specimens with different film thickngs 3,
terface with the liquid releasing HF to the process gas. Th@ng 5,m) were heated and quickly pulled out of the tube
decomposition of this phase and CuO provides the necessagfter the prescribed heat treatment times, 10, 20, 30, and 40
cations and oxygen to the liquid. Also, the basic growth-ratemin. Here, for brevity, the examination of 1 andun thick
limiting process is known to be the removal rate of the reacjims are primarily discussed and the work onusn thick
tion product HF from the surface of the film into the processfjims are reported elsewhe?all specimens were studied by
ing atm_ospheré.Hence, the general process for the YBCO xRrp for the overall phase development, while TEM tech-
growth in the Bak process is well understood. However, the pigues were used for selected specimens for a detailed ex-
nucleation proceses of YBCO at the substrate surface, par- amination of the microstructural and the phase evolution of
ticularly the effect of the precursor thickness on the crystalyhe fiims, TEM was performed on the cross sectioned films
lographic orientation of the nuclei, is not yet understood.sing JEOL-3000F equipped with a windowless energy-
dispersive and an electron-energy-loss spectrometer.
3Electronic mail: mas@bnl.gov The morphology and phase composition of the precursor
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FIG. 2. (a) High-resolution image of the region from auim-thick film
heated at 735 °C for 20 min showing YBCO and the oxy-fluoride on STO.
These phases have epitaxial relationships characterized by
(001)YBCAQI(001)STO, (110)YBCM110)STO.(b) and(c) The electron
diffraction patterns from the orderegy, Ba)-oxy-fluorides showing two
types of the orderin@; and O,, respectively.
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20 (degree) place from the precursor mixture alone, the alignment of the

oxy-fluoride appears to lower the activation energy for the

FIG. 1. Intensities as a function of angle for XRD measurements from thefgrmation at the precursor/STO interface, and allows the
qguenched precursor films are showa.1-um and(b) 5-um-thick film after . .

20 min, and(c) 5-um-thick film after 30 min. For brevity, only the major nUCIGatlo_n of YBCO Only at the mterfa'cg..
lines are identified. Previously, we reported the possibility that the Y—-Ba

oxy-fluoride orders along itgl11] direction at the precursor/

STO interface region in gam-thick films. The periodicity of
Uthe ordered structure was three times its disordeddd)
spacing, and was nearly identical to that for {681 spac-
ing of YBCO. Thus, we speculated that this ordering played
a role in the nucleation process of YBCGQn 5-um-thick
films, we observed clear indications of such ordering taking

. lace. In fact, two distinguishable ordered structures were
yet. Further heat treatments of the films revealed that th bserved in these thick films which were heated for 20 and
heat-treatment duration required for the nucleation of YBCQO . . :

. . . . Elect ffract tt f th -
was dependent on the thickness of the films. After 20 mln30 min. Electron diffraction patterns of the ordered oxy
c-axis oriented YBCO was observed by XRD in aufn-
thick film, but it was absent from 3- and /& thick films.

The XRD patterns for 1- and fam thick films are shown in

Flg_s. ].(a) and 1b). For S'Mm'th'.Ck films, there were weak =1.078, ancc=1.07 nm. The crystal-structural relationships
indications of YBCO formation in the XRD from the speci- : .

. . _— between the disordered oxy-fluoride and the ordered oxy-
men which was heated for 30 min as indicated by Weakf . 001 001 11 100

. - . luorides are as followsdg """ ~dg **~3dg_g ™, dg

(h00) and (00) lines in Fig. 1c) and, as discussed next, ‘ 100 11 1 2 1
some nuclei of YBCO were also found by TEM in the speci-wl/\’zqoz ~3do¢, and (001 0dl(111)o-f, where
men. It took an additional 10 min of heating before there wasubscripts @, O;, and O—F represent ordered tetragonal
a clear indication of YBCO in XRD and the strongest lines inand orthorhombic, and disordered oxy-fluorides, respec-
this film were (100) lines indicating the growth of a substan- tively. All of these oxy-fluoride phases have also epitaxial
tial non-c-axis-oriented YBCO.(For convenience, we will relationships with STO. _
call these h00) nuclei as thea-axis YBCO) Also, XRD ~In the Sum-thick specimen, which was heated for 30
lines, not belonging to YBCO, were identified with those of min, YBCO nuclei, and on rare occasions, a new transitory

Cw,0, the disordered and the orderéd Ba) oxy-fluoride  phase(for convenience, we denote this as the T phasere
phases which are discussed next. found at the STO surface in addition to small(%j precipi-

In the cross sectional TEM images, the ttiin60 nm  tates, and the disordered and the ordered oxy-fluorides. In
c-axis aligned YBCO layer was observed in theuh-thick  contrast to the Jsm-thick film, the YBCO nuclei were ori-
film specimen along the surface of the substrate. These coented not only with ite-axis perpendicular, but also parallel
ered nearly the entire surface after being heated for 20 mirto the(001) plane of the STO. The lateral sizes of the YBCO
The remaining areas were occupied by the epitaxiallynuclei were 50—150 nm, and their compositions varied, but
aligned(111) plane of the oxy-fluoride as exhibited in Fig. the average was the same as those found in thendhick
2(a) which shows the alignment of thé€001) planes of film which was heated for 20 min., i.e., YB@u; 5_, .
YBCO and the(111) planes of the oxy-fluoride with the The T phase was a cubic phase and contained Y, Ba, Cu, and
(001) plane of the STO. These and the earlier observation 0O, but not F. This is shown in Fig.(8. Its composition was
the propensity for the alignment of thH&11) plane of the similar to that of YBCO nuclei, and its basic planes were
oxy-fluoride to the(001) surface of the STO suggest the parallel to the corresponding basic planes of STO. @he
mechanism for the preferential nucleation of the YBCO onlyspacing for its(001) plane was 0.393 nm, which was larger
at the STO surface while the composition of the film is thethan that of theg111) spacing of the disordered oxy-fluoride

same throughout. Since the YBCO formation does not také€0.357 nm, and was very close to one third of thespacing
Downloaded 20 Apr 2004 to 130.199.3.2. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

evolved quickly with annealing times. After 10 min a
735 °C, the precursor consisted of fQuand a Y—Ba oxy-
fluoride (cubic, a=0.618.% As observed earlier, the oxy-
fluoride had a strong tendency to align epitaxially (it4.1)
plane parallel to th€¢001) plane of STO adjacent to the sub-
strate, but there was no clear indication of YBCO nucleatio

fluoride from a 5um film heated for 20 min are shown in
Figs. 4b) and Zc). One of the ordered structurés; [Fig.
2(b)] is a tetragonal witha=0.757 andc=1.07 nm. The
other O, [Fig. 2(c)] is an orthorhombic witha=1.063, b
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1-um-thick films and was less in gm than in 5um-thick
films. Further, this may be allowed by the limited diffusivity
of H,O and HF in thicker films, which delays the formation
of the nuclei and provides the extended time required for the
formation of the ordered phases. Since the growth rate for
the a-axis grains is so much greater than that for thaxis
one, these become prevalent as the films become thicker
(>2-3 um) and/or the growth rates are increasesd0.1
nm/9 and hence very low values df. Thus, finding the
means to prevent this type of the growth is extremely impor-
tant for the successful fabrication of the commercially viable
YBCO conductors.

In summary, it has been shown that the preferential
nucleation of thec-axis-oriented YBCO at the precursor/
substrate interface, but not in any other parts of the film, was
due to the lowering of the activation energy for the formation
via the hetero-epitaxial alignment of tti@11) plane of the
(Y, Ba)-oxy-fluoride onto the(001) surface of the STO. In
thick films, thea-axis-oriented YBCO nucleated through the
formation of the transitory cubic phase and these grew rap-
idly to exhibit strong intensities for thehQ0) lines in XRD.

FIG. 3. (a) High-resolution image of the transitory T phase on STO@nd 1 he formation of a cubic transitory phase allowed the forma-

a low-magnification image of an area where the YBCO grains with threetion of three orientationally variant nuclei as it crystallo-

orientational variants in a mm-thick film. graphically orders to form the tetragonal YBCO. Further-
more, the formation of the transitory phase is possibly

of the (001 plane of the YBCO(1.168 nm. This phase Promoted by the formation of th@11) ordered oxy-fluoride

appeared to be formed by the replacement of F by Cu and ¢ th|.ck films. Howgver, in or'der to confirm this possibility it

in the aligned oxy-fluoride, and we believe that it was arequires a further investigation.

transitory phase before it is ordered to form the YBCO nuclei

from the oxy-fluonde. and GO. More |mport§1ntly, this discussions on the subject of this letter. This work was per-
phase appears to assist in the formatlon pfah?e(ls as well formed under the auspices of Division of Materials Science,
the c-ams-pngnted YBCO nuclei Whep it or.ders to form Office of Basic Energy Sciences, Office of Science, and Su-
YBCO. This is because the T phase is a disordered cubife conqyctivity for Electric Systems Program, Office of En-

phase, and this will allow the formation of the YBCO nuclei ergy Efficiency and Renewable Energy, U.S. Department of

in_three_orientational_ variants, i.e., tvéeaxis and one-axis Energy under Contract No. DE-AC02-98-CH10886.
orientations, when it orders tetragonally to form YBCO.
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